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During  the  conduct  of  the  Underground  Explosion  Tests  at  Dugway 
Proving  Ground  in  the  Summer  of  1951  representatives  of  the  Armed 
Forces  Special  Weapons  Project  proposed  a supplementary  investigation 
of  skew  targets  (those  with  front  faces  varying  from  the  normal  inci- 
dence of  90  degrees).  Such  a program  was  to  he  correlated  with  the 
Corps  of  Engineers  * buried  concrete  box  targets  in  Dugway  dry  clay, 
all  of  which  were  placed  at  normal  incidence  to  the  direction  of  the 
explosion. 

After  preliminary  plans  were  prepared  and  reviewed  by  consultants!/ 
to  the  Office,  Chief  of  Engineers,  the  following  program  was  established. 

Targets  - Six  (6)  Type  HRn  - Open  box  reinforced  concrete. 

Six  (6)  Type  "T”  - Closed  box  reinforced  concrete. 

Charges  - Round  S-2  - 256C$  TNT  cast  blocks. 

Round  S-3  - 256 0$  TNT  cast  blocks. 

Placement  of  Targets  - Center  of  walls  6.5  feet 

below  ground  surface. 

Placement  of  Charges  - Center  of  gravity  7 feet 

below  ground  surface. 

Instrumentation  of  the  targets  was  considered  to  be  desirable  but 
due  to  the  necessity  for  mobilizing  additional  instrumentation  equipment 
and  the  excessive  cost  involved,  none  was  accomplished,.  Instead,  it  was 
agreed  that  Professors  Newmark  and  Norris  would  analyze  the  physical 
damage  and  correlate  the  damage  with  that  observed  on  instrumented  struc- 
tures in  the  bas:-c  program. 

The  Armed  Forces  Special  Weapons  Project  furnished  funds  in  the 
amount  of  $15,000  for  accomplishing  the  field  tests.  The  District 
Engineer,  Gorps  of  Engineers,  Sacramento,  constructed  the  targets,  con- 
ducted tests,  supervised  the  damage  survey  and  prepared  the  accompanying 
Appendix  A containing  pertinent  data  on  the  tests. 

The  analysis  of  the  targets  as  reported  in  this  report  is  a joint 
effort  by  the  authors.  Professors  Newmark  and.  Norris,  acting  as  consul- 
tants to  the  Office,  Chief  of  Engineers. 


l/Profs.  John  E.  Wilbur  and  Charles  K.  Norris,  Mass.  Inst,  of  Tech. 
Iro f » Nathan  M,  Newmark,  University  of  Illinois 
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FINAL  REPORT 

ANALYSIS  OF  SKEW  TARGET  TESTS 


I.  - GENERAL  STATEMENT  OF  PROGRAM 

In  connection  with  the  Underground  Explosion  Test  Program  con- 
ducted by  the  Corps  of  Engineers  at  Dugway  Proving  Grounds,  an  oppor- 
tunity arose  to  determine  the  effect  of  varying  angles  of  skew  of  the 
walls  of  underground  structures  on  the  damage  to  such  structures  pro- 
duced by  underground  explosions.  In  this  supplementary  program,  two 
charges  were  set  off  in  the  Dry  Clay  area  at  0.2  scale  (2560  pounds  of 
TNT)  with  a number  of  underground  targets  of  two  different  types,  namely 

1 . Open  Box  Targets,  designated  as  R -tar gets 

These  were  boxes  consisting  only  of  four  walls  with  no  floor  or 
roof  slab. 

2 . Closed  Box  Targets,  designated  as  T -targets 

These  were  reinforoed  concrete  cubical  boxes  consisting  of 
four  walls  with  integrally  cast  floor  and  roof  slabs  and  were 
completely  enclosed  except  for  a manhole  in  the  roof. 

The  details  of  these  targets  (See  Figure  3)  differed  slightly  from  the 
standard  0.2  scale  targets  used  in  the  Dugway  Underground  Explosion 
Test  Program . 

The  targets  were  set  at  various  angles  of  skew  and  at  various 
distances  from  the  center  line  of  the  charge,  as  indicated  in  Figures 
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1 and  2,  all  however  at  very  nearly  the  same  range.  Control  targets 
set  with  no  skew  angle  were  included  in  each  of  the  two  rounds,  S-2 
and  S~3.  Altogether  seven  R type  targets  and  six  T type  targets  were 
tested.  The  complete  description  of  the  tests  and  a summary  of  all  of 
the  data  obtained  are  contained  In  Appendix  A entitled  Supplementary 
Skew  Structures  Program,  Underground  Explosion  Tests,  prepared  by  the 
Sacramento  District,  Corps  of  Engineers  and  dated  1 March  1952. 


II.  - DISCUSSION  OF  AVAILABLE  DATA 

In  general,  the  data  available  from  these  teats  consist  of  survey 
measurements  and  observations  of  the  position  and  state  of  the  targets 
before  and  after  the  shot.  No  transient  measurements  were  made  of 
pressures,  accelerations  and  stresses  in  the  targets  or  in  the  soil 
medium.  Measurements  were  recorded  of  crack  patterns,  crack  widths, 
profiles  of  the  target  w^lls,  and  permanent  displacements  of  points  on 
the  target  and  on  the  ground. 

The  crack  patterns  shown  on  the  drawings  in  Appendix  A oan  be 
interpreted  in  various  ways.  In  this  report,  use  was  made  of  th® 
maximum  craok  width,  and  of  the  summation  of  the  crack  widths 
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encountered  in  travelling  horizontally  across  the  faces  of  the  walls 
near  mid -height.  These  measurements  appeared  to  be  somewhat  more 
indicative  of  the  behavior  of  the  walls  than  the  permanent  deflections 
indicated  by  the  profiles  shown  on  the  drawings. 

The  permanent  displacements  measured  on  the  targets  have  not  been 
used  specifically  for  the  interpretation  of  the  data  presented  in  this 
report  although  this  information  was  used  in  alternate  analyses  which 
were  considered.  This  information  is  recorded  in  Tables  I and  II  con- 
tained herein  as  indication  of  the  fact  that  the  general  nature  of  the 
displacements  was  reasonable,  and  that  fairly  good  radial  symmetry 
existed  for  each  of  the  shots. 

Calculations  were  made  also  of  the  change  in  the  diagonal  distances 
of  the  various  targets  that  were  placed  in  skew  directions.  These  data 
are  recorded  to  indicate  the  large  deformations  that  occurred  in  the 
open  type  R-targets  because  of  failures  near  the  corners  of  these  tar- 
gets, Cprresponding  Values  are  given  also  for  the  T-targets,  However, 
in  the  latter  case,  these  deformations  were  relatively  small  because  of 
the  restraint  to  suoh  parallelogram  type  deformation  offered  by  the  top 
and  bottom  slabs. 
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Although  some  data  are  available  for  the  behavior  of  similar  targets 
in  other  tests  in  the  dry  clay  area,  it  is  not  possible  to  use  such  data 
in  conjunction  with  the  present  series  because  of  variations  in  local 
conditions,  the  uncertainty  as  to  the  precise  quantities  for  which  com- 
parisons could  be  ms.de  and  the  lack  of  data  on  crack  width  in  the  same 
form  as  used  herein.  All  comparisons  in  the  present  series  of  tests 
are  made  among  the  targets  which  were  studied  in  this  series  of  two  shots 

III.  - PROCEDURE  USED. FOR  STUDYING  DATA 

Tabulations  ware  made  of  all  of  the  available  data  that  could  be 
used  as  a measure  of  damage  to  the  walls  of  the  targets.  These  are 
summarized  in  Table  I for  the  open-box  type  R-targets  and  in  Table  II 
for  the  closed-box  type  T -targets. 

These  tables  contain  the  identification  of  the  various  faces  in 
accordance  with  the  same  notation  as  used  in  Appendix  A,  the  angle  of 
inclination  of  the  faces  of  the  target  to  the  direction  of  travel  of  the 
shock,  and  the  radial  distance  from  the  center  of  the  charge  to  the  cen- 
ter line  of  the  face  considered.  In  the  effects  on  the  targets,  the 
crack  data  is  summarized  including  the  maximum  crack  width  near  the 
center  line  of  each  face,  and  the  summation  of  the  crack  widths  encoun- 
tered in  proceeding  horizontally  across  a face  at  mid-height  of  that  face 
The  permanent  displacements  of  the  targets  are  summarized  including  the 
radial,  tangential  and  upward  movement  of  the  nearest  e'ornor  of  the  tar- 
get, and  the  changes  in  the  diagonal  distances  across  the  top  of  the 
target.  The  permanent  deflection  of  each  face  is  X L>  ed  by  the 
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maximum  deflection  from  the  chord  and  the  maximum  summation  of  the  de- 
flections at  center  line  and  the  two  adjacent  quarter  points  at  the  same 
elevation. 

It  can  be  seen  from  a study  of  Tables  I and  II  that  the  number  of 
items  of  data  are  quite  limited  and  that  the  variation  in  distances  for 
any  particular  type  of  target  and  angle  of  skew  is  extremely  small.  It 
would  be  impossible  to  make  comparisons  among  the  various  parameters  from 
the  data  contained  in  these  tables  alon-j.  Consequently  it  was  necessary 
to  develop  a means  of  determining  the  effects  of  distance  on  the  damage 
in  order  to  draw  comparisons  of  the  effects  of  angle  of  skew 0 In  order 
to  arrive  at  reasonable  conclusions  as  to  the  effect  of  ungle  of  skew, 
each  different  angle  for  each  type  of  target  was  considered  separately 
and  the  data  pertaining  thereto  for  each  of  four  measures  of  damage  were 
plotted  to  indicate  the  type  of  variation  with  distance  for  the  particu- 
lar measure  of  damage  considered.  These  plots  are  shown  in  Figui.es  4, 

5,  6 and  7,  the  measure  of  damage  being  maximum  crack  width,  summation 
of  crack  widths,  maximum  permanent  deflection,  and  summation  of  perma- 
nent deflection,  respectively. 

Although  the  data  for  each  individual  type  target  are  not  sufficient 
to  draw  any  conclusions  as  to  the  nature  of  the  variation  with  distance, 
it  is  possible  to  use  all  these  data  to  approximate  a general  law  which 
appears  applicable.  The  generalizations  appear  to  be  of  the  form  of 
exponential  variation  with  distance,  with  the  exponent  having  values 
ranging  from  -4.7  to  -7.9. 
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The  data  shown  on  Figures  4 to  7 were  normalized,  finally,  to  give 
the  r e j.ai ive  measures  of  damage  for  a oharge  £0  feet  from  the  center  of 
the  particular  face  considered.  Only  the  data  for  the  faces  nearest  to 
the  charge  were  used  in  these  studies.  The  values  obtained  at  a distance 
of  20  feet  are  tabulated  in  Table  III  for  each  of  the  measures  of  damage 
for  the  various  skew  angles  of  each  of  the  two  types  of  targets,  A 90 
degree  inclination  indicates  that  th6  near  face  of  the  target  is  normal 
to  the  direction  of  travel  of  the  shook.  In  Table  III,  the  data  are 
presented  as  they  are  actually  taken  from  Figures  4 to  7,  and  relative 
values  are  shown  in  parentheses  with  all  values  for  any  group  related 
to  a value  of  unity  for  the  90  degree  inclination  of  the  near  face  of 
the  target. 

The  original  values  in  Table  III  indicate  that  the  two  types  of 
targets  have  slightly  different  resistances  to  the  shock  forces,  but 
that  these  resistances  were  of  the  same  order  of  magnitude.  The  relative 
values  vary  considerably  and  are  not  presented  graphically  because  of  the 
large  variation  in  the  different  measures  and  because  of  the  small  amount 
of  data  available.  However,  one  can  see  from  the  tabulated  results 
that  the  most  consistent  data  appear  to  be  given  by  the  summation  of  the 
crack  width  but  that  all  measures  of  the  data  lead  to  the  conclusion 
that  for  face  inclinations  of  90  and  60  degrees,  approximately  the  same 
effects  were  obtained,  whereas  for  face  inclinations  of  45  and  30 
degrees  relatively  small  effects  were  observed.  This  is  not  com- 
pletely true  in  the  case  of  the  45  degree  inclination  of  the  open-box 
.a -targets.  Here  the  damage  was  appreciable  at  this  angle  of  inclination 
and  became  negligible  at  a 30  degree  angle  of  inclination,  for  which  angle 
there  is  no  evidenco  in  these  tests  that  there  was  any  appreciable  damage. 
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It  should  be  noted  that  the  data  used  in  this  study  were  taken 
from  the  results  shown  in  Appendix  A without  consideration  of  the  fact 
that  the  deformations  near  the  corner  of  the  targets  may  have  had  an 
appreciable  effect  on  the  damage  to  the  individual  walls.  It  was  im- 
possible to  take  this  into  account  more  accurately.  It  was  assumed 
that  the  damage  near  the  central  parts  of  the  walls  would  not  be  mater- 
ially affected,  however,  and  this  permitted  the  generalizations  to  be 
made  regarding  the  angle  of  skew  that  have  been  developed  as  a result 
of  the  present  study.  It  is  noted,  however,  that  the  most  serious  damage 
in  many  of  these  targets  occurred  at  the  corners  rather  than  at  the 
central  parts  of  the  faces. 

IV.  - LIMIT  AT  IONS  OF  DATA  AND  CONCLUSIONS  DRAWN  THEREFROM 

There  are  various  limitations  in  the  data  that  have  been  pointed 
out  in  the  foregoing  and  these  imply  certain  limitations  as  to  the 
general  applicability  of  the  conclusions  that  can  be  drawn  from  these 
data.  In  the  first  place,  the  range  in  radial  distances  used  in  these 
tests  was  not  great  enough  so  that  general  conclusions  could  be  drawn 
as  to  the  effect  of  distance  on  the  damage  characteristics.  Moreover, 
there  are  inherent  discrepancies  and  inaccuracies  because  of  the 
inhomogone ity  of  the  material  in  the  Dugway  site.  These  are  reflected 
in  some  minor  inconsistencies  and  may  have  a major  effect  on  some  of 
the  items  tabulated.  There  is  no  assurance  that  further  tests  in  this 
area  would  lead  to  precisely  the  same  results.  One  should  have  data 
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from  additional  tests  (preferably  adequately  instrumented)  for  any 
serious  further  study  of  this  problem. 

Furthermore,  there  are  variations  in  th9  physical  properties  of 
the  various  targets  which  are  not  represented  by  tests  of  control, 
specimens  of  either  the  steel  or  the  concrete  materials.  These  prob- 
ably have  only  a minor  influence  on  the  problem,  however. 


The  method  used  in  Figures  4 to  7 to  establish  the  effect  of  distance 
on  damage  appears  to  be  the  best  available.  TMb  correction  was  also 
studied  by  an  alternate  approach  in  which  the  permanent  displacements 
wore  used  as  a basis  for  approximating  the  loading  applied  to  each 
target.  These  loadings  wore  then  used  as  a basis  to  establish  the 
effect  of  distance  on  damage.  Whereas  this  method  led  to  somewhat 
different  figures  than  those  presented  in  Table  III,  it  was  encouraging 
to  find  that  it  also  lod  to  the  same  conclusions  regarding  the  effect 
of  skew  angle  on  damago.  The  alternate  method  involves  a number  of 
assumptions  and  is  not  considered  to  be  as  reliable  as  the  method 
presented  herein. 
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At  the  beginning  of  the  analysis  of  the  results  of  these  testa, 
initial  studies  indicated  an  approach  along  the  following  linsst  Using 
an  estimated  shape  for  the  time -pres sure  curve,  the  level  of  pressure 
on  each  face  to  give  the  observed  deflection  and  degree  of  damage  would 
be  inferred  from  the  results  of  the  usual  type  of  elasto-plastio  analy- 
sis. These  pressures  could  then  be  checked  by  a comparison  with  the 
over-all  target  motions.  Pressure-angle  relations  could  then  be  inferred 
from  the  results  of  this  analysis.  Further  consideration  of  the  test 
data  led  to  the  conclusion,  however,  that  there  were  insufficient  data 
to  establish  a correlation  between  the  computed  and  observed  damage. 

This  type  of  analysis  was  therefore  abandoned  and  it  was  necessary  to 
resort  to  the  empirical  approach  described  herein. 

V.  - CONCLUSIONS  AND  RBC 0I3MENDAT IONS 

In  spite  of  the  limitations  regarding  this  test  program,  certain 
conclusions  can  be  drawn  from  the  results  obtained  and  reported  in  this 
study.  The  first  and  probably  most  important  conclusion  is  that  skew 
targets  present  a much  more  serious  problem  with  regard  to  corners  and 
joints  than  do  normal  targets.  All  underground  targets  should  be  particu- 
larly well  reinforced  and  braced  so  as  to  avoid  damage  to  the  corners  in 
the  event  of  underground  explosions  occurring  at  oblique  angles.  Roof 
and  floor  slabs  firmly  connected  to  the  walls  of  the  target  appear  in 
general  to  be  adequate  bracing  but  some  of  the  damage  in  the  T-type 
targets  indicated  that  additional  strengthening  of  the  corners  might  have 
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"been  desirable „ Such  additional  strengthening  could  have  been  pro- 
vided by  fillets  at  the  intersection  of  the  various  surfaces  and  particu- 
larly by  special  corner  reinforcement.  Attention  should  be  given  to  the 
details  of  the  reinforcement  at  the  corners  and  the  method  of  bending 
or  hooking  bars  so  as  to  provide  for  sufficient  tensile  reinforcement 
on  the  inside  of  the  corner  as  ■well  as  on  the  outside  to  account  for 
the  possibility  of  bending  in  either  direction  depending  on  which  diag- 
onal is  exposed  to  blast. 

In  designing  underground  fortifications  or  structures  of  any  sort, 
which  are  subjected  to  underground  shock,  it  is  desirable  to  provide 
for  an  underground  force  acting  against  the  structure  in  accordance  with 
the  following  general  rules: 

(1)  For  walls  having  angles  of  inclination  to  the  direction  of 
travel  of  the  shock  between  30  degrees  and  45  degrees,  the 
design  pressure  should  be  considered  to  be  the  same  as  a 
wall  having  a 90  degree  angle  of  inclination. 

(2)  For  walls  having  an  angle  of  inclination  less  than  45  degrees, 
a reduced  pressure  can  be  assumed. 

(3)  When  the  angle  of  inclination  becomes  as  low  as  30  degrees,  the 
pressure  is  essentially  the  same  as  that  for  a wall  which  is 
parallel  to  the  direction  of  travel  of  the  shock  wave. 

More  refined  estimates  of  the  effect  of  angle  of  skew  might  possibly 
be  made  with  additional  tests.  However,  the  present  test  program  does 
not  warrant  more  accurate  quantitative  conclusions.  In  any  event,  most 
targets  would  be  situated  in  such  a location  that  normal  angles  of 


10 

CONFIDENTIAL 
SECUP ITT  INF OR  HAT ION 


CONFIDENTIAL 
SECUR IT Y INFORMAT ION 


inclination  on  any  face  would  be  likely.  Consequently,  all  surfaces 
would  have  to  be  designed  for  such  an  inclination.  It  therefore  appears 
that  the  only  additional  provision  that  would  be  required  to  account  for 
oblique  angles  of  inclination  is  the  provision  of  additional  reinforce- 


ment at  the  corners. 


Although  the  test  data  indicate  a possibility  of  a slight  increase 
in  effects  for  angles  of  inclination  of  about  60  degrees,  it  is  not  clear 
from  the  data  that  this  is  a significant  increase,  or  that  it  is  necessary 
to  consider  this  slight  increase  in  design. 
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TABLE  III 


SUMMARY  OF  EFFECTS  AT  20  FTj,  FROM  CHARGE 


Target 

and 

Inclination 
of  near  face 

Maximum 

crack, 

inches 

Summat ion 
of  cracks 
inohes 

Maximum 

Deflection 

inches 

Summat ion 
of  Deflections 
inches 

T-90 

0.50  (1.00) 

1.00  (1.00) 

2.0  (1.00) 

4.5  (1.00) 

T-60 

0.10  (0.20) 

0.20  (0.20) 

3.0  (1.50) 

5.0  (1.11) 

*0.48  (0,96) 

*1.08  (1.08) 

T-45 

0.04  (0.08) 

0.07  (0.07) 

- 

*#r 

**0.05  (0.10) 

**0.13  (0.13) 

T-30 

0.03  ( 0.06) 

0.05  (0.05) 

- 

- 

R-90 

0.4  (1.00) 

1*7  (1.00) 

2*0  (1.00) 

4.5  (1.00) 

R-SO 

1.0  (2.50) 

2.0  (1.17) 

4.0  (2.00) 

9.0  (2.0 0; 

R-45 

0.3  (0,75) 

1*0  (0,58 

1.5  (0.75) 

3.0  (0*67) 

R-30 

— 

Note : 

* These  values  obtained  ignoring  point  T-2-60  in  Figures  4 and  5. 
**  **  " w »i  n T-3-45  ” '*  n h 
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TARGET  TYPE  "R" 
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graphic  scale 


TARGETS  - PLANS  AND  SECTIONS 


Note 


« represents  50%  of  T ; 


O represents  100%  of  T 


Radial  Distance  from  charge  to  center  of  near  face,  feet 


Radiol  Distance  from  charge  to  center  of  near  foce,  feet 
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OFFICE  SECURI  fY~AlTV!SOR 


NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIC  ! r- 

ARETJSED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WIT  H A / 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  .. 

NO  RESPONSIBILITY,  NOR  AN  7 OBLIGATION  WHATSOEVER;  AND  THE  V/A:,^„Vr- 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  AKV  W/  PIL^ 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  R?  .tJ?ARt.-,£.D  r 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  NIo  H*  •>* 

PERSON  OR  CORPORATION,  OP:  CONVEYING  ANY  RIGHTS  OP  iWRMB  iCN  ^ * 

TTRE  OR  SFI.T.  AKY  PATENTFTl  INVENTION  THAT  MAY  IN  AT*.'  >•'  : 
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